Introduction
The wide range of ground state properties exhibited by uranium intermetallics -including heavy fermion behavior, complex magnetic structures, unconventional superconductivity and non-Fermi liquid behavior -are related to the degree of localization of the 5f electronic states that vary from strongly localized, as seen in lanthanides, to itinerant, as seen in transition metals. Unlike 4f electrons, which remain close to the atomic core, the 5f electrons have a large spatial extent, and as a result they interact strongly with the neighboring ligand orbitals and conduction band. The variable degree of localization determined by the local environment leads to competing interactions [1, 2] . In fact, uranium compounds generally follow an empirical critical limit called Hill limit (3.4-3.6 Å), where the compounds with uranium interatomic distances (dU-U) larger than this limit show magnetic behaviour similar to those of rare earth elements, while compounds where dU-U is within the Hill limit show itinerant behavior, such as Pauli paramagnetism where 5f electrons are significantly delocalized [3] . A delicate balance between these different interactions leads to diverse structural, magnetic, and electronic properties. This balance can be altered by changing chemical composition or applying pressure and/or a magnetic field. Hydrostatic pressure is an important "clean" non-thermal parameter (i.e., not expected to introduce chemical disorder) to systematically study uranium intermetallic systems as pressure causes a reduction in interatomic distance and hence increases the electron density in the compressed lattice. As a result pressure can cause an increase of the 5f-5f hybridization as well as the 5f-ligand hybridization, thus moving the 5f-states towards delocalization. Such a change in the nature of the 5f state can drastically alter the electronic, structural and magnetic properties and can lead to exotic behaviour such as volume collapse transitions, mixed valency and superconductivity [4] [5] [6] .
UCd11 is an excellent candidate for studying the effect of pressure on a strongly localized heavy-fermion uranium intermetallic, as it is one of the most intriguing of all the binary uranium compounds that have been discovered so far. It crystallizes in the cubic BaHg11-type structure with a lattice constant of 9.29 Å [7] . The nearest U-U neighbor distance of 6.56 Å is very large compared to the Hill limit [3] and overlapping of neighboring 5f wavefunctions is expected to be minimal. UCd11 follows the Hill criterion for the formation of magnetic ground state and orders antiferromagnetically at TN ≈ 5 K [7] with a complex magnetic state [8] . Ambient pressure magnetic susceptibility above 80 K follows a Curie-Weiss law with an effective magnetic moment of μeff = 3.45 μB/U, whereas below 80 K it deviates from the Curie-Weiss law and finally attains a constant value below 5 K [7] . Lowtemperature resistivity, specific heat and magnetization in an applied magnetic field and/or under hydrostatic pressure revealed additional transitions below 5 K to a complex magnetic ground state [9] [10] [11] [12] . Its electronic specific heat coefficient known as Sommerfeld coefficient, γ = 803 mJ/mol-K 2 , in the paramagnetic region, is the highest for any ordered uranium heavy fermion system [13] . The extrapolated zero temperature Sommerfeld coefficient, γ0, is one-third of the γ in the paramagnetic region, indicating a partial removal of a heavy quasiparticle from the Fermi surface, consistent with de Has-van Alphen (dHvA) measurement [14] . A similar reduction in γ0 in the ordered state is found in many other U-based heavy fermion magnetic compounds with different antiferromagnetic structure [15] .
Recent reports of specific heat measurements on UCd11 show a transfer of magnetic specific heat to electronic specific heat consistent with a many-body Kondo effect [16] .
Although lanthanide (Ln) L3 edge high resolution PFY-XAS measurements under applied pressure are routinely utilized as a bulk probe to determine the Ln valence under pressure [17] , the use of this technique on actinide (An) materials has been limited. The limitation is partly because of large 3d5/2 core-hole lifetime broadening (about ~ 3.9 eV for uranium compared to that of 0.8 -1.5 eV in lanthanides [18] [19] [20] ) and the decrease in the energy separation of different 5f configurations features in An L3 edge spectra (≤ 5eV in light actinides compared to [8] [9] [10] eV in lanthanides [17, 21, 22] ). Furthermore, interpretation of U L3 PFY-XAS is more complicated because the ability of 5f orbitals to screen the core-hole can vary from compound to compound due to its varying degrees of delocalization, in contrast to the effective screening by the more reliably localized 4f orbitals in different Ln compounds [21, 22] . Nevertheless, a shift in the so-called "white line" (the intense peak immediately following the absorption edge) in the L3 edge PFY-XAS technique under high pressure in actinides may still provide valuable information related to the degree of delocalization of 5f electrons and can be combined with high pressure diffraction measurements to extract complementary compressibility data to relate 5f delocalization to the relative change in lattice volume. Therefore, employing high resolution PFY-XAS under high pressure can be useful for studying f-orbital behavior in actinides, as well as lanthanides. With this goal in mind, we selected the heavy fermion compound UCd11, which stands out in the uranium intermetallic series with magnetic order for its very high value of electronic specific heat, indicative of a strongly localized f orbital, as discussed below.
A clear correlation has been found in uranium and plutonium intermetallic systems between γ and ΔEα,
where ΔEα is the shift in the white line position of uranium and plutonium compounds with respect to the position of elemental α-U and α-Pu respectively [21] . Based on this correlation, UCd11 has both the highest γ and the largest shift ΔEα ~ -6.5 eV among the studied group of uranium compounds in Ref. 22 . A high Sommerfeld coefficient is a hallmark of heavy fermion behavior as it is proportional to effective carrier mass, which in turn is proportional to the density of states at the Fermi level [23] . Since a flat, atomic-like band corresponds to a high γ, the specific heat is commonly used as a rough measure of delocalization. White line energy shifts are perhaps a more direct measure of delocalization, as a localized orbital will screen the 2p3/2 core hole from the outgoing photoelectron in an L3 edge experiment, reducing the Coulomb interaction between the photoelectron and the core hole, thus lowering the threshold energy for excitation and increasing ΔEα. More detailed results can be obtained from the related resonant x-ray emission spectroscopy (RXES) technique, and recent measurements on UCd11 were interpreted in terms of the multiconfigurational nature of 5f state orbitals [21] . It is reported that the 5f orbital has a total occupancy of 2.7 ± 0.2 (5f 1 = 0.07 ± 0.007, 5f 2 = 0.15 ± 0.015, 5f 3 = 0.78 ± 0.078) and therefore may not be in a purely 5f 3 (U 3+   ) configuration. Such a multiconfigurational state has also been reported in UCoGa5, α-Pu, δ-Pu, PuCoIn5, PuCoGa5
and PuSb2 through RXES measurements [21, 22] . PFY-XAS measurement at U L3 edge not only provides bulk sensitivity, element and orbital selectivity but it can also provide sharp spectral features by overcoming core-hole life time broadening. In traditional U L3 edge x-ray absorption near edge spectroscopy (XANES) the incident photon is absorbed by a 2p3/2 core electron and is promoted to an unoccupied uranium 6d state above the Fermi level (EF).
Therefore the resolution is dominated by 2p3/2 core-hole lifetime broadening (about ~ 7.4 eV for uranium) [19, 20] .
Unlike traditional XANES, PFY-XAS utilizes a high-resolution x-ray emission spectrometer to record the intensity of the Lα1 fluorescence line (3d5/2 → 2p3/2) as function of incident energy varied around U L3 edge (17.166 keV), resulting in a spectrum with higher resolution limited by 3d5/2 core hole life time broadening (~ 3.9 eV) [20] . Here, we report on the effect of high pressure on the uranium L3 x-ray absorption in partial fluorescence yield mode (PFY-XAS) and single crystal x-ray diffraction (SXD) measurements in the UCd11 heavy fermion compound.
Experiment
Single crystals of UCd11 were grown by the molten metal flux growth technique [24] . X-ray diffraction confirmed single-phase material crystallizing in the cubic BaHg11 structure (space group: Pm-3m). UCd11 has a caged structure with the uranium atom surrounded by 16 cadmium atoms. The uranium occupies the 3c position having tetragonal symmetry and has 12 nearest-neighbors and 8 next-nearest neighbor Cd atoms. The nearest U-U neighbor distance is 6.56 Å and nearest U-Cd distance is 3.45 Å at ambient conditions. The crystal structure and the nearest-neighbor and the next-nearest-neighbor environments of uranium atoms are shown in Figure 1 .
X-ray absorption in partial fluorescence yield mode (PFY-XAS)
High pressure uranium L3 edge x-ray absorption spectra in partial fluorescence yield mode (PFY-XAS)
were taken on HPCAT 16-ID-D undulator beamline at the Advance Photon Source (APS). A monochromatic x-ray beam was obtained using a Si (111) beam [26] . The sample inside the pressure cell was 30 μm thick whereas the sample used for ambient data was 15 μm thick. Although corrections for self-absorption effects exist in the thick limit, our samples were too thin to be considered in the thick limit; that is, they are in the intermediate thickness limit where correction factors do not currently exist. Consequently, there is no way to correct the in-cell data and the out-cell data. However, although the two samples differ in thickness by 15 μm, a comparison between our data from the two samples and with the data in Ref. 21 . is reasonably good. Note that this correction is important primarily for comparing the ambient pressure data to the applied-pressure data sets.
Single crystal x-ray diffraction
For high pressure single crystal x-ray diffraction measurements at room temperature, a four-post wideopening DAC equipped with Boehler-Almax diamond anvils of 600 µm culet diameter and a 70° aperture was used.
A single crystal of UCd11 (100 x 120 µm 2 ) was loaded into a rhenium ( The diffraction patterns were collected using a 165 MAR CCD area detector, which was calibrated using a CeO2 standard through Fit2D software [28] . At each pressure a wide scan in ω in the range ± 38° as well as a step scan of 1° interval in the same angular range was taken. Each wide scan was also split into 4 intervals of 19° to avoid peaks overlapping. GSE_ADA software [29] was utilized to extract the peak coordinates 2θ, χ and ω. ± 38° wide scan is used to extract the 2θ and χ coordinates whereas the stepped scans of 1° interval were used to extract the maximum intensity at each angle and the third spatial coordinate 'ω' which contains information needed to reconstruct the reciprocal space and index the diffraction pattern. Lattice parameters were determined through least-squares minimization of the d-spacing of all observed peaks using the RSV software [30] . Saturated, overlapping and partial peaks were omitted as well as diamond peaks.
More detailed explanation on the experimental station setup can be found in Ref. 31. Figure 2 shows the U L3 PFY-XAS spectra of UCd11 collected at pressures ranging from 0 to 28.2 GPa. The oversampled PFY-XAS spectra were smoothed using the Savitzky-Golay filter method choosing a window size of five points and a second order polynomial. The PFY-XAS spectra consist of a white line with an underlying edge discontinuity. Figure 2 shows the clear shift in the white line towards the high energy side and a decrease in the relative amplitude of the white line with respect to the edge jump as the pressure is increased.
Results and Discussion

High Pressure uranium L3 x-ray absorption in partial fluorescence yield mode (PFY-XAS)
Each spectrum is analyzed by a least-squares fit of a summation of a Gaussian (for the white line with experimental broadening) with an arctan-like step function (integrated pseudo-Voigt) for the edge structure. The white line positon of ambient pressure data is used as a reference to measure the shift (ELIII) in the white line as the pressure is increased. Figure 3 shows a linear increase in the shift (ELIII) with respect to applied pressure with a slope of dELIII/dP = 0.15 ± 0.01 eV/GPa. At the highest applied pressure of 28. core-hole and outgoing photoelectron. Pressure can induce delocalization of the 5f electrons, effectively reducing the ability of these electrons to screen the core hole, increasing the Coulomb interaction energy and causing the energy for the photoelectron to escape (the white line position) to increase. High pressure x-ray absorption in many uranium compounds such as UTe, UC, UN and UPd2Al3 have shown change in slope dELIII/dP and slope of FWHM around pressure where these compounds are known to undergo structural phase transitions confirmed by x-ray diffraction measurement under high pressure [32] [33] [34] . No change in the slope dELIII/dP and slope of FWHM in UCd11 is seen which indicates that UCd11 does not go through a phase transition in the measured range of applied pressure and is consistent with SXD data under pressure discussed below in section 3.2. Although finding the 5f configuration from the white line shift in PFY-XAS data under pressure is difficult, nevertheless it is interesting to note that the observed shift of +4.1 eV in the white line is equivalent to the edge shift between the known oxidation state U 4+ (5f 2 )
and U 3+ (5f 3 ) seen in UF4 and UCl3 respectively [35] . Theoretical value of shift (ELIII) for two different 5f
configurations, U 4+ (5f 2 ) and U 3+ (5f 3 ), in uranium metal is reported to be 4.6 eV [36] and is very close to shift seen in UCd11.
Even though the resolution of PFY-XAS spectra is better than conventional XANES, the multiconfigurational nature is not resolved, possibly due to 3d5/2 core-hole lifetime broadening combined with internal instrument broadening; however, delocalization effects should play an important role in uranium compounds [37] . In addition, recent PFY-XAS and RXES measurements and FEFF simulations on plutonium compounds [22] suggest that the observed shift of +4.1 eV in the white line under pressure in UCd11 may also be due to a shift in 5f configurations weight or combination of this effect and delocalization. An interpretation of the shift in the white line under pressure in terms of multiconfigurational nature or 5f-6d mixing is beyond the scope of this work as RXES data on UCd11 under pressure is not currently available. In any case, changes in the features of uranium L3 white line ultimately reflect on the variation in the unoccupied 6d density of states in the final state.
Therefore, without ascribing the changes in the absorption characteristics to the exact nature of the electronic structure in UCd11, the increase in FWHM and decrease in relative amplitude of the white line with respect to the edge jump under pressure is related to 6d band broadening in the final state. In a given pressure range of 0-28.2 GPa, the white line shift in UPd2Al3, UPd3, UN, UC and UCd11 is  1.8 eV, 0 eV, 0.8eV, 1.2 eV and 4.1 eV respectively [32, 34] . Compared to other uranium intermetallic compound such as UPd2Al3, UPd3, UN and UC shift of the white line in UCd11 is very large. Such a large shift under pressure demonstrates that UCd11 is a localized 5f-system at ambient pressure, becoming significantly more delocalized with increasing pressure. by ~ 18% without any sign of a discontinuity, consistent with the PFY-XAS data which also show no evidence of structural phase transitions in this pressure range. A subtle discontinuity at 10.4 GPa, which corresponds to the freezing pressure of 4:1 methanol:ethanol pressure transmitting medium, is seen and is most likely due to the onset of non-hydrostaticity. The volume versus pressure (V-P) data were fitted using 3 rd order Birch-Murnaghan (BM) [35] and Vinet [36, 37] equations of state (EOS) shown below in equation (1) and equation (2) respectively.
High Pressure single crystal x-ray diffraction
− ( 0 ) ). The value of K0 = 62(1) GPa is same for both fits and K0 ' is 4.9(2) and 5.2(2) for 3 rd order BM EOS and Vinet EOS respectively. The ambient U-U spacing of 6.56 Å is reduced by ~ 6.3% at the highest applied pressure of 20 GPa. Figure 6 shows the single crystal diffraction pattern of UCd11 at two different pressures 1.5 GPa and 12.7 GPa. No phase transition can be seen as there is no change in the pattern of reflections at low and high pressure. Figure 7 shows comparison of a peak profile for hkl(??) reflection at the same two pressures points 1.5 GPa and 12.7 GPa.
In a given pressure range from 0 to 20 GPa, the unit cell volume of UBe13, UCd11, UPd2Al3, UPd3 and UTe is compressed by 12 %, 18 %, 9 %, 9 % and 24 % respectively [33, 38, 39, 4] . UTe has highest volume compression as it goes through a phase transition through volume collapse of 10 % at 10 GPa. Compared to other mentioned compounds UCd11 shows large compression of volume in 0 to 20 GPa range and would be interesting to investigate at further high pressure to see if it goes through any volume collapse transition. The large decrease in volume is consistent with large shift in white line under pressure. The U-U spacing at the highest pressure is still much higher than the Hill limit (3.4-3.6 Å) [3] and therefore the 5f-5f wavefunction overlap is minimal. Hence 5f-4d
hybridization is still the dominant control parameter for the formation of the ground state. Under compression, the decrease in the U-Cd distance can potentially increase the 5f-4d hybridization and lead to the delocalization of 5f electrons as indicated by the PFY-XAS data under pressure. The parameter dELIII/d(lnV) indicates the correlation of the shift in the white line to the change in lattice volume and therefore gives a measure of the degree of delocalization of 5f electrons with respect to decreasing unit cell volume. A study by Bertram et al. [32] on the U LIII edge under pressure of various uranium monochalcogenides is useful for comparisons. For instance, the value of dELIII/d(lnV) = 9.3 for UCd11 is comparable that of UTe, which has (dE(L3)/d(lnV) = 9.6 and is a quasi-localized compound with bulk modulus (K0) = 48.6 GPa and U-U spacing  4.35 Å [32] . The value of dELIII/d(lnV) for uranium-pnictides UC and UN with 5f itinerant state are 4.7 and 5.7 respectively [32] . The bulk modulus and U-U spacing of UN and UC are 203 GPa and 160 GPa and 3.35 Å and 3.51 Å respectively [32] . It is interesting to note that the shift in the white line energy with decreasing unit cell volume is pronounce more in quasi-localized compound UTe compared to itinerant compound UN and UC. The parameter dELIII/d(lnV) in UCd11 follows this trend and shows that it is a localized compound at ambient pressure and gets significantly delocalized under pressure.
Along with UCd11, other binary heavy fermion uranium intermetallic compounds that have large U-U spacing and low U content are UBe13 (dU-U = 5.13 Å) and U2Zn17 (dU-U = 4.39 Å) [7] . Among these, UCd11 has the lowest value of bulk modulus ~ 62 GPa (UBe13 = 108 GPa [38] , U2Zn17 = 87 GPa [40] . In such compounds the bulk modulus is mostly determined by the large number of transition metal atoms surrounding the uranium atom [38] .
Even though the bulk moduli of uranium (114.5 GPa) [41] and thorium (58 GPa) [42] are very different, the bulk moduli of UBe13 (108 GPa) [38] , ThBe13 (107 GPa) [38] , and beryllium (109.88 GPa) [43] are very similar and indicate that the bulk modulus of the An-Be13(An=U/Th) compounds is mostly due to the cage-like structure of surrounding beryllium atoms. Similarly, the bulk modulus of U2Zn17 (87 GPa) [40] is comparable to that of zinc (72 GPa) [44] . The bulk modulus of UCd11 (62 GPa) follows this trend and is comparable to the bulk modulus of cadmium (41.6 GPa) [44] .
Conclusions
We have investigated the high pressure behavior of UCd11 compound through x-ray absorption in partial fluorescence yield mode (0-28.2 GPa) and single crystal x-ray diffraction (0-20 GPa). The PFY-XAS results show a large shift of +4.1 eV in the white line under pressure due to the delocalization of 5f electrons. Likewise, an increase in the white line resonance FWHM and a decrease in relative amplitude with respect to edge jump point towards 6d
band broadening in the final state. The SXD data under pressure reveals an 18% volume reduction, a bulk modulus 62 GPa, and a U-U distance that remains well above the Hill limit. Both the PFY-XAS and diffraction results do not show any sign of a structural phase transition in the applied pressure range. Large changes in PFY-XAS spectral features under high pressure point towards delocalization of the 5f orbital, indicating that the f electrons are strongly localized at ambient pressure, UCd11 is therefore a good system to investigate the local moment behavior of 5f state through photoemission spectroscopy. This is not for my sample; I will try to add a similar figure for UCd11.
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